Abstract. We consider technical approaches to the problem of making 3-D images of large (>10 µm) life-science samples with about 10 nm resolution . We find no existing methods and discuss the possibility of using soft x-ray diffractive techniques especially holography. We propose a new form of Fourier transform x-ray holography using a reference object consisting of an array of small pinholes formed by etching nuclear tracks. This scheme promises high resolution and a simple way to determine both the phase and amplitude of the diffracted wavefield.
INTRODUCTION
Soft x-rays already offer various useful capabilities for imaging life-science samples 21 . In this paper we discuss their possible use in the difficult problem of imaging the socalled molecular machines inside the cell. These objects are large assemblies of proteins which function as a group. They cannot normally be crystallized so their structure is hard to determine. The detailed atomic-resolution structure of the individual proteins may or may not be known from crystallographic studies but the way the macromolecules fit together, which is important to their function, is not known. This poses a microtomography problem at a resolution of 3-12 nm which we discuss in this paper.
The usual approaches to determining structure in life-science investigations all face fundamental resolution limitations in addressing this type of problem. The light microscope faces a wavelength limit. The electron microscope is limited by multiple scattering because the cells in which the interesting objects are embedded are too large (> 10 µm) even for high voltage microscopes. The lenses of zone plate x-ray microscopes do not reach this level of resolution. The solution we propose here, which we have already developed to some degree 17, 22 , is soft x-ray diffraction tomography 6, 34 . This method requires a recording of both the amplitude and phase of the diffracted wavefield at each view direction. In what follows we propose ways to accomplish this using soft x-ray diffractive methods, especially holography.
FOURIER-TRANSFORM X-RAY HOLOGRAPHY
Although our previous x-ray holographic experiments have been in Gabor (in-line) geometry 18, 23 , we believe that Fourier-transform holography is needed here. In this scheme, first described by Stroke and Falconer 32 , the sample and reference object (usually point-like) are located in the same plane as shown in Fig. 1 . The experiment can be lensless and has a CCD-based (i. e. automated) detection system suitable for tomography. This type of x-ray holography was first proposed in 1966 33 and was demonstrated with carbon K radiation by Kikuta et al 20 and (with a zone plate) by Reuter and Mahr 28 . It was the x-ray first holographic geometry to be used with synchrotron radiation, in the 1972 experiment of Aoki et al 1 , and later it was adopted by McNulty et al 24 who used a zone-plate optical system, CCD detector and undulator beam to reach a resolution of about 50 nm. The principle limitation until now has been the resolution of the zone plate used to create the nominal point source. One solution is a reference object which is not a point but whose autocorrelation function is point-like 4, 31 . However, even this limitation is unnecessary and any object will work as a reference provided it is has sharp spatial structure on the desired resolution scale (i. e. a roughly flat power spectrum out to the desired frequencies) and a high x-ray transparency. We propose to realize the reference object as a random array of pinholes constructed by etching of charged-particle tracks 15 . In mica, for example, the exit apertures of the tracks are oriented identical diamond shapes 19 and after light etching, track widths below 10 nm in size have been observed 15 . The resolution of this scheme will ultimately be limited by the size of the exit apertures of the etched tracks and the sharpness of their edges. If these are indeed the principal limitations, then a resolution in the target range of 3-12 nm can be projected.
SOFT X-RAY DIFFRACTION
Holography is the not the only possible way to determine the amplitude and phase of a wavefield. An important alternative method known as soft x-ray diffraction was proposed in 1980 by Sayre 29 . Sayre's scheme is essentially the experiment shown in Fig. 1 without the reference object. The diffraction pattern of the object is simply recorded using an intensity detector and the determination of the phases is addressed using the iterative Fourier transform algorithm 8 with a support constraint 10 . A large step forward in soft x-ray diffraction was reported recently by Miao et al 25 who successfully reconstructed a fairly complicated object from its diffraction pattern. In view of this success using an experimental setup which is simpler than the corresponding holographic setup, it is very important to understand the relationship between these two methods. As we shall see in the next sections, the essence is that holography is more powerful but more difficult .
DIFFRACTIVE SCHEMES: GROUND RULES
Let us represent the unknown object by a transparency function f x ( ) with Fourier transform F s ( ). The autocorrelation function R x ( ) of the object will then be However, although a real f x ( ) is a sufficient condition for the diffraction pattern to be symmetrical, it is not a necessary one and we return to this point later.
ITERATIVE FOURIER-TRANSFORM ALGORITHMS ETC
This method of phase retrieval was developed extensively during the 1980's by Fienup and others 30 . It uses the measured intensity in the s plane and knowledge of the object support (i. e. the region over which it is non-zero) in the x plane. In many situations the algorithm converges reliably to a unique result in reasonable time even in the presence of some noise 5 . However, complex objects are much more difficult than real ones and can only be reconstructed in favorable cases 2, 10, 11 (see Table 1 ).
The holographic approach to the inverse-diffraction problem is to add a known reference object in the plane of the unknown object. To see the potential benefits of this, consider the idealized object f x
where b is such that the spacing between f 1 and δ is greater than a where a is the support width; a condition known in the phase-retrieval literature as the "holography condition". Substituting for f in the expression for the autocorrelation function we immediately obtain 4, 9
The primary image and its conjugate are separated from each other and from the autocorrelation term provided the holography condition is satisfied. Thus, in this idealized case, there is no phase problem. The unknown object is obtained in one step by taking the Fourier transform of the diffraction pattern. The phenomenon of the separation of the autocorrelation into parts because the object support is in parts is also important in enabling a good estimate of the object support when only the diffraction pattern (and thence the autocorrelation) is known 12 . More generally, the delta function Rectangular object with one reference point on a diagonal spaced by one increment Yes*** Yes 7, 9 Known shape in two parts** satisfying HC* Yes: works well 10 The same but not satisfying HC* Yes 10 Unknown support in two well-separated parts Yes: using a support inferred from the autocorrelation 11 Support initially unknown and determined from a low-resolution image
Yes if tight enough: using an expanding weighting function on F s ( ) 13 Object of known support with a convex hull having no parallel sides Yes Yes if tight enough 10 Known centrosymmetrical supports such as ellipses and rectangles
Usually not: encourages stagnation at a mixture of the image and conjugate 10, 14 Known supports which are loose or have tapered edges
Usually not 10 Unknown support of any simple shape
Usually not because the support inferred from the autocorrelation is too loose 11 *HC=holography condition. **It seems that a simple shape with a hole (preferably unsymmetrically placed) behaves similarly to a support in two parts 10, 26 . The primary and conjugate images are convolved with the autocorrelation and self convolution respectively of g. If the latter functions are reasonably sharp, as they would be in our experiment, then this worsens the resolution somewhat but does not change the capability for a one-step retrieval of the phases provided the holography condition continues to be respected. To recover the diffraction-limited resolution (provided the power spectrum of g is free of zeros) one can make the deconvolution f x + b
Thus pure holography with a known reference object can give the phases immediately.
Examination of Table 1 also shows that the most favorable support geometries for complex phase retrieval are quite similar to holography. The best case is a support in two separated parts satisfying the holography condition. Even when the holography condition is not satisfied and neither object is known, the separated support is still quite powerful. On the other hand, simple symmetrical supports like squares and circles are the least effective. This is especially true if the support is unknown a priori.
We now turn to the question of the implications of the success of the experiment of Miao et al 25 . We note that the gold layer used in the experiment had an intensity transmission of 25% and a phase change of 0.9 radians indicating that it was certainly a complex object. Nevertheless, the diffraction pattern was observed to be symmetric over half of its area and symmetry was enforced over the other half. This raises two questions. First how could the object be complex and still have a symmetric diffraction pattern? Second why did the reconstruction work so well when it was an unfavorable case for complex phase retrieval? Now we noted above that the diffraction pattern can be symmetrical, even if f x ( ) is complex. In fact the object used by Miao et al 25 Thus the phase problem that was solved by Miao et al was special 16 and was essentially that of a real object, which answers both of the questions.
CONCLUSION
These considerations show that, although the experiment of Miao et al represents a big step forward in x-ray imaging, it still does not demonstrate a pathway to phasing the diffraction pattern of a general complex object. Moreover, there is strong evidence from the phase retrieval literature that the way to facilitate such a reconstruction is to adopt one of the favorable support geometries. This means either using a holographic reference object or at least an intermediate holography-like geometry where the overall object support is in two separated parts. Therefore, our general conclusion is that although soft x-ray diffraction has made important strides it will not put holography out of business. Rather, the next generation of diffractive imaging measurements, which will feed amplitude and phase data to the 3-D algorithms of diffraction-tomography experiments, are likely to have a decidedly holographic look.
